Abstract: A novel tunable fiber laser employing a linear cavity in conjunction with a microelectromechanical system (MEMS) is proposed and experimentally demonstrated. The MEMS-based fiber laser can be tuned over a broad wavelength range while maintaining a high side-mode suppression ratio (SMSR). Experimental results demonstrate a continuously tunable fiber laser source with a tuning range as high as 30 nm and a narrow linewidth below 0.06 nm and much higher output power in comparison with ring-cavity-based fiber lasers. The laser performance is also compared with that of a ring-cavity fiber laser, and experimental results confirm that the linear-cavity fiber laser exhibits higher gain efficiency, higher laser output power, and narrower linewidth.
Introduction
Since the first reported laser in 1960, there have been a vast number of applications which use lasers as the main tool for manufacturing, medical, metrology, data storage, communications, spectroscopy, microscopy and various scientific research fields [1] - [4] . Certain applications such as spectroscopy, optical sensing, optical coherence tomography and optical communications benefit from laser sources that are able to change, or tune, their lasing wavelength. Tunable semiconductor lasers have been the key components for wavelength division multiplexed (WDM) optical networks where the dynamic synthesis of wavelength channels is crucial for improving the flexibility and cost of these networks, by helping network administrators to dynamically manage optical networks with a lower number of standby lasers.
Tunable fiber lasers, however, have several intrinsic advantages over conventional tunable semiconductor lasers, namely, i) easy manufacture without the need of clean rooms and expensive device packaging; ii) compatibility with fiber-optics communication systems, iii) mechanical flexibility and the ability to withstand bending; iv) broadband gain spectrum and high energy efficiency; v) high laser beam quality, ensuring their wide potential applications in material processing, printing, marking, cutting and drilling; vi) robustness, because all optical signals are guided within optical fibers, thus eliminating the need for optical alignment; vii) narrow linewidth, due to their long cavity lengths, which is essential for many applications and hard to achieve for their current semiconductor laser counterparts. Benefiting greatly from recent developments in fiber communications, fiber lasers are now offering a low cost alternative to the traditional semiconductor or gain dielectric counterparts, and are in a phase of rapid development [5] , [6] .
A number of different techniques for the development of tunable fiber lasers have been reported, including fiber Bragg gratings (FGBs) [7] - [9] , etalon-based filters like Fabry-Pé rot cavity [10] , [11] , acousto-optic-based tunable filters [12] , and Opto-VLSI tunable lasers [13] . Also, fiber lasers employing microelectromechanical system (MEMS)-based filters have been reported, where tuning was mainly achieved by using the MEMS device as Fabry-Pé rot filter [14] , or as an external wavelength selection filter [15] . However, such techniques suffer from the slow tuning speed or require complex alignment processes, thus adding complexity to their operation and control.
It is well known, however, that in order to create a flat power output response through the entire spectrum of the amplified spontaneous emission (ASE), the optical gain medium of the laser must be driven into deep saturation [16] . This can be better achieved by using a linear resonance cavity because the selected lasing wavelength can travel twice per cycle through the optical gain media, allowing it to reach deep saturation more efficiently than in a ring-cavity-based fiber laser.
There are two main resonance cavity structures for fiber laser systems, namely, the ring-cavity and the linear-cavity. Most of the reported tunable fiber laser structures are based on the use of erbium-doped fiber amplifiers (EDFAs) in conjunction with a ring-cavity structure [7] - [13] . Several linear-cavity-based fiber laser structures have been reported [17] - [19] , demonstrating attractive features not obtainable with ring-cavity fiber laser structures, such as better self-filtering effect, higher output power and suppressed hardware.
In this paper, we propose and demonstrate a novel continuously linear-cavity tunable fiber laser employing a MEMS device as the key wavelength selection element in conjunction with an EDFA and grating plate. Experimental results demonstrate continuous tuning over the 30 nm ASE spectrum range of the EDFA, and confirm the ability of the fiber laser system to lase at any arbitrary wavelength within the available optical gain spectrum of the erbium-doped fiber (EDF). A ring-cavity fiber laser is especially developed to compare its performance with that of the developed linear-cavity fiber laser. Experimental results confirm that the linear-cavity fiber laser exhibits higher gain efficiency, higher laser output power and narrower linewidth than the ring-cavity fiber laser.
MEMS Mirror ArrayVTunable Laser Wavelength Tuning Devices
The MEMS device used in the experiments was made by Texas Instruments and supplied as a part of the DLP Discovery 4100 Development kit, which comprises a DMD device, a digital controller, a DMD power and reset driver. The DMD device is made of thousands of tiny aluminum 10:8 Â 10:8 m micromirrors, each can be individually controlled via software and a digital CMOS VLSI circuit, which steers and holds the individual micromirror elements along predefined directions. Each micromirror is attached through a via to the yoke underneath the micromirror. A hinge is used to allow the yoke to pivot in a diagonal axis once the appropriate signal has been applied to the MEMS device coming to a rest on the landing tip. The steering or tilting of the micromirrors is controlled with an electro-static force between the yoke and the electrode and the direction of tilt is determined by the state of the 1-bit memory cell under each micromirror. The voltage of the SRAM cell determines whether the micromirror stays at its current position or changes its tilt angle. However, the voltage state of the memory cell does not change the tilt angle of the micromirror automatically. A Breset[ command is sent to the MEMS device where the micromirrors are allowed to detach from their landing tips, in which they return to a floating state where the electro-static force has been removed. If the logic memory cell voltage is changed from the previous logic state, from 0 to 1 or 1 to 0, an electrostatic force switches the micromirror tilt angle to the opposite state. Otherwise, if the logic voltage value of the memory cell remains constant, the micromirror re-tilts to its original tilt angle before the application of the Breset[ command. Fig. 1 shows a typical layout of a MEMS device, which comprises vias, micromirrors, hinges, yokes, landing tips, electrodes and a CMOS VLSI circuit. The CMOS VLSI circuit where the memory cells are located is created on a silicon substrate. Each micromirror can have three different states, or tilt angles, corresponding to 0 , and AE12 , which can be selected via binary coding of the VLSI circuitry.
The CMOS VLSI circuit is comprised of memory cells as illustrated in Fig. 2 . The tilt angle of a micromirror is controlled by loading the appropriate logic value into the memory location corresponding to that micromirror. As mentioned earlier, to change the tilt angle of the micromirror a Breset[ command must be activated after the logic value has been loaded onto the corresponding memory location.
The active window of the MEMS array is 11.1 Â 8.3 mm, which consists of 1024 Â 768 micromirror elements. The size of each individual micromirror element is 10:8 Â 10:8 m, and was especially selected because of its small micromirror physical size and excellent reflectivity ($97%) in the near-infrared (NIR) spectrum.
Ring-Cavity Tunable Fiber Laser
A fiber laser employing a ring-cavity structure, illustrated in Fig. 3 , was especially developed to compare the performance of the proposed linear-cavity-based fiber laser with that based on a ringcavity. The comparison results are discussed in Sections 4 and 5. As mentioned earlier, Fig. 3 shows another experimental setup established for investigating the performance of a MEMS-based ring-cavity tunable fiber laser for later comparison to that of the linear-cavity fiber laser. The key difference between the ring-cavity and the linear-cavity was that the fiber mirror used in the linearcavity was replaced by a normal optical fiber which was connected to an optical circulator, placed between the optical coupler and the fiber collimator, thus ensuring unidirectional laser signal propagation within the EDFA. 4 shows typical laser signals generated over a wavelength range of 30 nm by the ring-cavity fiber laser. The tunable range corresponds to the number of different wavelengths which a tunable laser can select for lasing. The optical pump power was 160 mW for each pump source. The sidemode rejection ratio (SMRR) for the ring-cavity over the whole of the tunable range was between 15 and 22 dBm. Neither the ring nor the linear-cavity had any gain flattening filters where the overall power differences were less than 6 dBm for the ring-cavity. The tuning range during the experiments was greater than 30 nm, however, since our aim was to demonstrate the concept of the tunable laser, the tuning demonstrated was over the C-band of optical telecommunications, as illustrated in Fig. 7 . Fig. 5 shows the layout of the proposed linear-cavity fiber laser, which is illustrated through the experiment that was set up. The section of EDF acting as the gain medium had a length of 20 m Fig. 4 . Typical laser signals at different wavelengths generated using the ring-cavity tunable fiber laser demonstrator shown in Fig. 3 . Tuning range was measured to be 30 nm. Fig. 3 . Experimental setup diagram for the ring-cavity fiber laser structure employing a MEMS device.
Linear-Cavity Tunable Fiber Laser
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MEMS-Based Tunable Linear-Cavity Fiber Laser and peak core absorption of 6.5 dB/m measured at 1530 nm. Two laser diode pumps, a 980 nm and a 1480 nm, were used for optically pumping the EDF. Each pump laser was operated at its maximum output optical power of 160 mW. The light from both pump diodes was launched via 1550/980 nm and 1550/1480 nm WDM couplers, respectively. A silver-coated optical fiber was used as a mirror to create one of the cavity ends. It had an insertion loss below 0.8 dB. The laser output was extracted from the 5% port of a 5:95 fiber coupler, which was connected to the Optical Spectrum Analyzer (OSA) for wavelength and output laser power monitoring. The remaining 95% was sent to the MEMS device, which was one of the reflecting ends of the lasing cavity. A polarization controller was used to maintain the polarization of the laser signal between roundtrips. To achieve wavelength tuning, the ASE of the EDFA was collimated at 0.5 mm diameter and mapped over the entire active window of the MEMS device, using a grating plate having 1200 lines/mm and a blazed angle of 70 at a wavelength of 1530 nm, in conjunction with a lens of focal length 10 cm, which was placed between the grating plate and the MEMS device. The demonstrated tuning range of the laser was more than 30nm (over the C-band of optical communications). The tuning resolution was 0.05 nm which improves linearly with decreasing the micromirror size. The operating voltage of the MEMS device was 3.3 Volts.
To synthesize a laser signal at a specific wavelength, 0 , the set of micromirrors illuminated by 0 were appropriately switched so that the incident waveband at 0 reflected back along the same optical path and injected back into the optical cavity thus triggering laser action. Fig. 6 illustrates the selection and switching of a set of 15 micromirrors to reflect a portion of the ASE noise of the EDFA back into the linear-cavity to initiate laser action. The remaining energy of the ASE incident on the MEMS device is switched off-track, and hence, uncoupled back into the fiber laser cavity. A LabView algorithm was especially developed and optimized to generate laser actions at arbitrary wavelengths, thus demonstrating a linear-cavity tunable fiber laser. The algorithm also enabled each micromirror to be treated as individual pixels. Fig. 7 shows examples of laser signals generated over a tuning range of 30 nm. The tuning range of the fiber laser ring-cavity and linearcavity can be increased by changing the length of the gain media. A longer EDF will create ASE with longer wavelengths [20] .
Comparing Figs. 7 and 4, it is obvious that the maximum output power for the linear-cavity is around 10 dB higher than that for the ring-cavity. The SMRR for the linear-cavity was measured to be more than 30 dBm. This demonstrates that linear-cavity fiber laser is more efficient than the ringcavity fiber laser since the SMRR for the ring-cavity was between 15-22 dBm.
Linewidth Comparison Results
Figs. 8 and 9 show typical laser signals generated by the linear-cavity fiber laser and ring-cavity fiber laser, respectively. The measured linewidth of the linear-cavity fiber laser was 0.06 nm at 1541 nm. On the other hand, the measured linewidth of the ring-cavity was around 0.07 nm at 1543 nm. The linewidth of the linear-cavity equals to that of the resolution bandwidth of the OSA used in the experiments. Resolution bandwidth is defined as the smallest possible frequency which a device can successfully measure. So, we believe that the actual linewidth of the linear-cavity fiber laser is much smaller due to the self-filtering effect caused by the double-pass of the laser signal through the optical gain medium.
These results give further proof of the benefits of the linear-cavity architecture over a fiber laser developed with a ring-cavity structure. Typical laser signals at different wavelengths generated over a tuning range of 30 nm, using the linear-cavity tunable fiber laser demonstrator shown in Fig. 4 . Fig. 9 . Typical laser signal generated by the ring-cavity fiber laser for measuring the laser linewidth. Expanded plot (inset) demonstrates a measured FWHM linewidth of 0.07 nm. 
Conclusion
This paper has proposed and demonstrated a novel tunable linear-cavity fiber laser structure employing a MEMS device in conjunction with an EDFA and optical components. We have shown that by electronically reconfiguring the MEMS device continuous laser wavelength tuning can be achieved over the optical amplifier gain spectrum. A ring-cavity fiber laser structure has experimentally been investigated and its performance has been compared to that of the linearcavity fiber laser. Experimental results have shown that while both laser structures can be tuned over the C-band, the linear-cavity fiber laser has a lower linewidth and can generate higher power levels than the ring-cavity fiber laser counterpart.
